The Heartless (Htl) FGF receptor is required for the differentiation of a variety of mesodermal tissues in the Drosophila embryo, yet its ligand is not known. Here we identify two new FGF genes, thisbe (ths) and pyramus (pyr), which probably encode the elusive ligands for this receptor. The two genes exhibit dynamic patterns of expression in epithelial tissues adjacent to Htl-expressing mesoderm derivatives, including the neurogenic ectoderm, stomadeum, and hindgut. Embryos that lack ths + and pyr + exhibit defects related to those seen in htl mutants, including delayed mesodermal migration during gastrulation and a loss of cardiac tissues and hindgut musculature. The misexpression of Ths in wild-type and mutant embryos suggests that FGF signaling is required for both cell migration and the transcriptional induction of cardiac gene expression. The characterization of htl and ths regulatory DNAs indicates that high levels of the maternal Dorsal gradient directly activate htl expression, whereas low levels activate ths. It is therefore possible to describe FGF signaling and other aspects of gastrulation as a direct manifestation of discrete threshold readouts of the Dorsal gradient.
FGF signaling molecules have been implicated in both the movement and specification of different mesoderm lineages in vertebrate embryos (Szebenyi and Fallon 1999; Tickle and Munsterberg 2001) . For example, FGF4 and FGF8 are required for the invagination of epiblasts into the primitive streak of mouse embryos, whereas FGF8 and FGF24 appear to specify the posterior mesoderm cells in zebrafish embryos (Sun et al. 1999; Draper et al. 2003) . Given the large number of FGF signaling molecules in vertebrates, it is often difficult to distinguish between disruptions in movement or specification. It is conceivable that FGF signaling controls both processes.
Invertebrate embryos offer an opportunity to investigate this issue because they contain relatively few FGFs. The nematode worm Caenorhabditis elegans contains two FGF ligands, + activity exhibit defects in the migration of the sex myoblasts to the gonad and in the differentiation of the muscle cells that surround the developing vulva (Burdine et al. 1998 ). Thus, it would appear that FGF signaling is required for both movement and specification. Mutants lacking Let-756 display developmental arrest early in larval stages, but the exact cause of this defect has not been determined (Roubin et al. 1999) .
Previously, the only FGF gene known in Drosophila was branchless, which is essential for the morphogenesis of the trachea, air sacs, and male genital imaginal disc (Sutherland et al. 1996; Ahmad and Baker 2002; Sato and Kornberg 2002) . During embryogenesis, branchless is expressed in a highly dynamic fashion in discrete epithelial cells of developing embryos. The Branchless ligand triggers the activation of the Breathless FGF receptor and thereby controls the movement (branching) of the trachea (Sutherland et al. 1996) . It is conceivable that this Branchless-Breathless interaction is also important for the specification of at least a subset of the tracheal cell types. Branchless does not appear to influence the specification or movement of mesoderm lineages during earlier periods of Drosophila embryogenesis.
Although only one FGF ligand has been identified, Drosophila contains two FGF receptors, Breathless and Heartless (Htl) . The Htl receptor is essential for the development of various mesoderm lineages, including cardiac tissues, hindgut visceral musculature, and the body wall muscles (Beiman et al. 1996; Gisselbrecht et al. 1996; San Martin and Bate 2001) . Htl is initially expressed throughout the mesoderm of early embryos (Shishido et al. 1997) , and its activation is thought to trigger the spreading of the mesoderm across the internal surface of the neurogenic ectoderm. The mesoderm cells that come into contact with the dorsal ectoderm receive an inductive signal, Dpp, which triggers the expression of genes such as tinman (tin) and even-skipped (eve) that are required for the differentiation of cardiac and pericardial tissues, respectively (Staehling-Hampton et al. 1994; Frasch 1995) . However, the mechanism of Htl activation is uncertain (for review, see Wilson and Leptin 2000) . It has been suggested that localized FGFs emanating from the neurogenic ectoderm might be responsible for Htl activation and provide an instructive cue that guides the migration of the mesoderm. An alternative view is that Htl plays a permissive role in migration by rendering the mesoderm competent to respond to an unknown localized signal.
Htl may be required both for the spreading of the mesoderm and the subsequent specification of cardiac tissues. The misexpression of Dpp throughout the ectoderm, in both dorsal and ventral regions, causes widespread activation of tin expression within the mesoderm (Frasch 1995) . However, eve expression is not expanded, and it has been suggested that its activation depends on both Dpp signaling (normally achieved through spreading) and a second dorsally localized signal, possibly FGF (Frasch 1995; Carmena et al. 1998; Michelson et al. 1998b; Halfon et al. 2000) . The analysis of the hindgut visceral musculature provides evidence for this dual role of FGF signaling in movement and specification (San Martin and Bate 2001) . The activation of Htl is required for the initial spreading of the visceral mesoderm around the hindgut, as well as the subsequent differentiation of the hindgut musculature.
To investigate the function of FGF signaling in the early embryo, we identified the Htl ligands, which have eluded intensive genetic screens. The present study identified two closely linked genes, thisbe (ths) and pyramus (pyr), which encode FGF signaling molecules that appear to function in a partially redundant fashion to activate Htl. Ths and Pyr are most closely related to the FGF8/ 17/18 subfamily, which controls gastrulation as well as heart and limb development in vertebrates (e.g., Maruoka et al. 1998; Sun et al. 1999; Reifers et al. 2000) . Both ths and pyr are expressed in the neurogenic ectoderm during the spreading of the internal mesoderm in gastrulating embryos. These two genes also exhibit dynamic expression in the stomadeum, hindgut, and muscle attachment sites of older embryos. These sites of expression closely match the genetic function of htl described in previous studies. Moreover, a small deletion that removes both ths and pyr causes a variety of patterning defects, including delayed spreading of the mesoderm during gastrulation, the loss of cardiac tissues and hindgut visceral musculature, and abnormal patterning of the body wall muscles. These defects are similar to those seen for htl mutants. The ectopic expression of Ths in the early mesoderm of gastrulating embryos causes an expansion in the domain of Htl activation and a corresponding expansion in the eve expression pattern. These observations suggest that Htl controls both the spreading of the mesoderm and (along with Dpp and Wingless) the specification of pericardial cells. Computational methods were used to identify a mesoderm-specific enhancer for htl that is directly activated by peak levels of the maternal Dorsal gradient. Because ths is directly activated by low levels of the gradient, it is possible to describe gastrulation as a direct manifestation of discrete threshold readouts of the Dorsal gradient.
Results

The Identification of two linked FGF genes, thisbe (ths) and pyramus (pyr)
A recent microarray screen identified a gene called Neu4 (CG12443) that is directly activated by low levels of the maternal Dorsal gradient in broad lateral stripes that encompass the entire presumptive neurogenic ectoderm (Stathopoulos et al. 2002) . Computational methods were used to identify a tissue-specific enhancer that directs this Neu4 expression pattern. The enhancer contains three tightly linked, high-affinity Dorsal-binding sites. It was found to map quite far from the predicted Neu4 promoter, ∼16 kb 5Ј of the coding region. To confirm this remote linkage of the Neu4 enhancer, rapid amplification of cDNA ends (RACE) was done using embryonic RNA to identify 5Ј Neu4 coding sequence. These assays identified three short exons that map far 5Ј of the previously identified coding sequences (Fig. 1A) . The newly identified exons place the Neu4 enhancer within intron 2 of the transcription unit and not in the 5Ј regulatory region. The new exons were found to share homology with another predicted open reading frame (ORF), CG13194, that maps ∼80 kb 5Ј of the Neu4 gene. RACE assays were done to identify the 5Ј CG13194 coding sequences. We hereafter refer to Neu4/CG12443 as thisbe (ths) and the second, related gene CG13194 as pyramus (pyr; summarized in Fig. 1D ), for the "heartbroken" lovers described in Ovid's Metamorphoses because the genes are linked and the mutant phenotype exhibits a lack of heart (see below).
Ths and Pyr are related to FGF8/17/18 signaling molecules
The previously identified CG12443 and CG13194 ORFs predicted by the Berkeley Drosophila Genome Project (BDGP) do not share obvious homology with genes of known function. However, the newly identified ths and pyr 5Ј-exons encode peptides related to FGF ligands (Fig.  1B,C) . FGF molecules are highly divergent and exhibit limited amino acid sequence identity (Szebenyi and Fallon 1999; Ornitz 2000) . The core FGF domain is composed of 12 ␤ strands separated by coiled-coil regions that form a trefoil structure. The most highly conserved amino acid residues between the Ths and Pyr FGF domains, and other FGFs including FGF8 and Branchless, tend to map in regions that are essential for the integrity of the structure, particularly the ␤ strands (Fig. 1B ). An-other notable feature of the Ths and Pyr proteins is that they are both predicted to contain N-terminal signal sequences, suggesting that the proteins are present extracellularly (Nielsen et al. 1997) . They also lack several of the signature amino acid residues that have been implicated in the interaction of certain FGFs with heparin sulfate proteoglycans (HSPGs; Ornitz 2000) . Because FGF-HSPG interactions are thought to mediate sustained activation of FGF receptors, it is conceivable that Ths and Pyr function as transient signals, which is consistent with their dynamic patterns of expression during development (see below).
Phylogenetic analyses were performed using the neighbor-joining method (Fig. 1C) . The principal finding is that among all known FGFs, Ths and Pyr are most closely related to EGL-17 in C. elegans and the FGF8/ 17/18 subfamily in vertebrates (Burdine et al. 1997; Maruoka et al. 1998 ). In contrast, Branchless (Bnl) and Let-756, the only other nonchordate FGFs, are most closely related to viral FGF-like molecules (Sutherland et al. 1996) . Both ths and pyr are conserved in the Drosophila pseudoobscura (D.pse) genome, but there is only a single gene in the mosquito, Anopheles gambiae (A.gam; Fig.  1C ). This single FGF gene is more closely related to ths than pyr. It would appear that ancestral dipterans contained a single copy of an FGF gene that underwent duplication after the divergence of mosquito but prior to the divergence of D. melanogaster and D. pseudoobscura. Two Drosophila genes, CG13195 and CG12444, that are closely linked to pyr and ths are also related to one another, suggesting that an ∼50-kb interval containing the ancestral FGF gene, along with its neighbor, underwent a tandem duplication event (Fig. 1D, (formerly CG13194 and CG12443, respectively) are linked genes separated by ∼80 kb. CG13195 and CG12444 (green boxes) encode related proteins that contain periplasmic binding domains. The light-blue shading indicates the proposed limits of a gene duplication event that resulted in these duplicated pairs of genes. Df(2R)BSC25 is a deficiency that has ∼200 kb removed, including the ∼110-kb interval containing the pyr and ths genes. The deletion also removes a number of flanking genes, including the Damm caspase. To date, none of these have been implicated in embryonic development. The horizontal lines at the bottom of the diagram indicate the flanking regions that are retained in the deficiency chromosome. Fig. 1C ). This result suggests that selection may be acting on ths to maintain some ancestral function, whereas pyramus has been released from constraint and is rapidly evolving in the Drosophilids.
pyr and ths are dynamically expressed throughout embryogenesis
In situ hybridization assays were done as a first step toward determining gene function. Initially, the two genes exhibit a very similar expression profile ( Fig. 2A,E) . During cellularization, each gene is expressed in broad lateral stripes within the neurogenic ectoderm. Staining is excluded from the presumptive mesoderm in ventral regions and from the anterior third of the embryo. This ths pattern is maintained during mesoderm invagination and the rapid phase of germ-band elongation (Fig. 2B,C) . In contrast, at the onset of germ-band elongation, the pyr expression pattern is rapidly refined and expression is detected only in dorsal and ventral regions of the neurogenic ectoderm (Fig. 2F,G) . At the completion of elongation, both genes are expressed in discrete regions of the epidermis, including different subsets of the ventral neuroblasts (Fig. 2I,M) .
After the completion of germ-band elongation, ths and pyr exhibit dynamic and, in part, distinct patterns of expression in different tissues. For example, pyr is expressed in ectodermal stripes (Fig. 2H ) that refine to smaller spots, which are adjacent to pericardial cells in the dorsal mesoderm (Fig. 2M,N) . ths exhibits similar, but weaker expression ( Fig. 2D,I ; data not shown), with additional expression in founders of the visceral muscles (Fig. 2J, arrowhead) . After germ-band retraction, both genes are expressed in the ectodermal derivatives of the gut, the proctodeum and stomodeum, as well as the central nervous system (Fig. 2K ,O) and in the muscle attachment sites at the segment borders ( Fig. 2L ,P, arrowhead). A recurring theme in the complex expression patterns is the appearance of Ths and Pyr in different epithelial tissues at the time when derivatives of the mesoderm that (H) pyr is expressed in stripes throughout the embryo. (N) Later, pyr is expressed in 11 groups of cells within the ectoderm in proximity to cells of the mesoderm that will take on a pericardial fate. ths is also expressed in stripes and spots similar to pyr, but ths expression in these domains is only apparent after significant overstaining (data not shown). (K,O) Views of embryos undergoing germ-band retraction (stages 13-14). pyr and ths are expressed in regions flanking the proctodeum and stomodeum, the ectodermal derivatives of the gut, as well as the central nervous system. (L,P) Views of late-stage embryos having completed germ-band retraction (stages 15-17). ths and pyr expression remains associated with the foregut and the hindgut. Additional expression of ths can be observed in what appear to be the muscle attachment sites (L; arrowhead).
express Htl become associated with these tissues (see below).
Embryos lacking ths and pyr exhibit gastrulation defects
The similar early expression profiles of ths and pyr raise the possibility that they function in a redundant fashion to control mesoderm spreading during gastrulation. This would explain why previous genetic screens identified the Htl receptor, but failed to identify the FGF ligands. To date, zygotically lethal mutations have not been identified in either ths or pyr. Perhaps genetic redundancy exists between these two genes such that mutation of both would be required to reveal defects like those seen for htl mutants. To circumvent this potential problem, we identified a small chromosomal deletion Df(2R)BSC252 that removes both genes and was generated by a male-specific recombination event using the P-element P{lacW}wal k14026 . The exact breakpoints of this deficiency were defined; it removes ∼200 kb of genomic DNA, including the entire 110-kb interval that contains ths and pyr (Fig. 1D ). No more than 18 predicted genes are removed, which is not a very big number considering that <1% of all the genes in the Drosophila genome produce specific embryonic patterning defects when disrupted by zygotic mutation (Simpson 1983; Anderson et al. 1985) . Indeed, none of the predicted genes, several of which encode components of the apoptosis pathway (Liu et al. 1999; Harvey et al. 2001) , have been implicated in the control of embryonic development. Embryos were collected from the deficiency strain, and in situ hybridization assays confirm that ths and pyr are not expressed in mutant embryos that are homozygous for the deletion (data not shown).
In normal embryos, activation of the Htl signaling pathway correlates with the spreading of the mesoderm along the internal surface of the neurogenic ectoderm. This signaling is absent in the mesoderm of htl mutants (Gabay et al. 1997) . To determine whether ths;pyr deficiency mutants have similar defects in mesoderm spreading, we analyzed sections of embryos stained with antibodies recognizing either Twist to observe the mesoderm or dpERK to monitor activation of the Htl pathway. Mesoderm cells begin to migrate at stage 7,8 of embryogenesis (Fig. 3A) , and dpERK staining is detected in those cells that have come into contact with the ectoderm (Fig. 3G ). In contrast, mesoderm migration is defective in ths;pyr deficiency mutants (Fig. 3 , cf. C and A); they also lack dpERK staining (in the mesoderm), as seen in htl mutants (Fig. 3, cf. I and G; Beiman et al. 1996; Gisselbrecht et al. 1996) . The mesoderm has completed its migration by early stage 10 of embryogenesis (Fig. 3B) . In both wild-type and mutant embryos, the mesoderm comes into contact with Dpp-expressing cells in the dor- (G-L) dpERK staining in wildtype embryos is present in mesodermal cells in contact with the ectoderm early (G) and is limited later to only the cells at the leading edge of the migrating mesoderm (H). dpERK staining is absent from the mesodermal cells of BSC25 deficiency mutant embryos both early (I) and late (J). When ths is ectopically expressed in the mesoderm using a twi-Gal4 driver (twi > ths), dpERK staining is expanded to all cells of the entire mesoderm at both early (K) and late (L) stages.
pyramus and thisbe pattern the mesoderm
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Cold Spring Harbor Laboratory Press on April 24, 2017 -Published by genesdev.cshlp.org Downloaded from sal ectoderm but shows various degrees of multilayered and irregular arrangements. The expanded mesoderm forms a monolayer in wild-type embryos, but displays multiple layers in ths;pyr deficiency mutants (Fig. 3D ) and htl mutants (Fig. 3F) . dpERK staining is restricted to the dorsal mesoderm of wild-type embryos at stage 9,10 embryos ( Fig. 3H) , but is absent in ths;pyr deficiency mutants (Fig. 3J) . Staining is expanded in embryos that ectopically express the ths ligand in the mesoderm (Fig.  3L) . These results are consistent with a requirement of the Ths and Pyr ligands for activation of the Htl receptor in mesoderm migration during gastrulation (see Discussion).
Mesoderm defects in ths;pyr deficiency mutants are similar to those seen in htl mutants
As a result of mesoderm spreading, the dorsal mesoderm comes into contact with the dorsal ectoderm and is induced by a localized Dpp signal to express a variety of regulatory genes required for the differentiation of cardiac tissues and visceral mesoderm (Staehling-Hampton et al. 1994; Frasch 1995) . Several marker genes were used to characterize the lethal phenotype caused by the deletion that may result from the inability of dorsal mesoderm lineages to differentiate (Figs. 4, 5) . These include eve, tin, bagpipe (bap), and mef2 (Azpiazu and Frasch 1993; Bodmer 1993; Bour et al. 1995; Frasch 1995; Lilly et al. 1995) . In htl mutants, there is either a loss or reduction in the expression of each of these regulatory genes. Similar disruptions are observed in ths;pyr (BSC25) deficiency homozygotes. There is a complete loss of Eve staining in the pericardial cells and dorsal muscle founder cells of both htl and BSC25 deficiency mutants ( Fig. 4B,C; cf. 4A), but the central nervous system (CNS) pattern is unaffected ( Fig. 4E,F; cf. 4D). After germ-band elongation, tin expression can be seen in two distinct lineages of the dorsal mesoderm, the visceral mesoderm (Fig. 4G , arrow) and cardiac mesoderm (Fig. 4G , arrowhead; Azpiazu and Frasch 1993; Bodmer 1993) . There is a severe reduction of tin expression in the cardiac lineage in htl mutants and BSC25 deficiency homozygotes ( Fig.  4H,I ; cf. 4G). There is also reduced expression of bap in some segments, although expression is mostly normal (bap is required for visceral mesoderm formation; Fig.  4K ,L; cf. 4J). The minor defects in bap expression may result from incomplete spreading of the mesoderm along the entire anterior-posterior axis in htl and deficiency mutant embryos, whereas the more severe defects in the transcriptional up-regulation of eve and tin may result from a late requirement of Htl activation after mesoderm spreading (see below).
The mef2 gene is expressed in a variety of mesodermal tissues, including the differentiating body wall muscles and the dorsal vessel, or heart ( Fig. 5 ; Bour et al. 1995; Lilly et al. 1995) . Most aspects of this staining pattern are unaffected in BSC25 deficiency homozygotes, but there is a selective loss of staining in the dorsal mesoderm that forms the heart cells and dorsal somatic muscles (Fig. 5 , cf. C and A). Similar defects have been described for htl mutants (Fig. 5B) , and in both cases, the selective loss of dorsal mesoderm derivatives can be explained by the There are reduced levels of tin mRNAs (H) in the cardiac mesoderm (arrowhead), whereas staining in the visceral mesoderm is nearly normal (arrow). bap expression within the visceral mesoderm is also reduced in a subset of segments (K). (C,F,I,L) Mutant embryos homozygous for the BSC25 deficiency that removes the ths and pyr genes. These embryos exhibit phenotypes that are similar to those observed for htl mutants (B,E,H,K). combined effects of uneven mesoderm spreading and the loss of late Htl signaling after mesoderm spreading (see Discussion).
A late embryonic requirement for Htl signaling has been established for the visceral musculature surrounding the hindgut. Hindgut visceral mesoderm (HVM) migrates over the hindgut ectoderm during dorsal closure, and this migration depends on both Wingless (Wg) and Htl (San Martin and Bate 2001) . Unlike the migration of the HVM, subsequent differentiation does not require Wg signaling, but depends solely on Htl (San Martin and Bate 2001). In htl and BSC25 deficiency mutants, Mef2 staining is absent from the hindgut, implying that the hindgut musculature has not differentiated (arrowheads, Fig. 5E,F; cf. 5D). Although a role for Htl in the differentiation of the pharyngeal muscles has not been previously described, Mef2 staining of pharyngeal muscle is reduced in htl mutants (asterisk, Fig. 5E ; cf. 5D) with an even more severe reduction observed in BSC25 deficiency embryos (asterisk, Fig. 5F ; cf. 5D). In addition, the visceral mesoderm associated with both the stomadeum and hindgut in these advanced-stage embryos also expresses bap (Fig. 5J ). This staining is lost in htl and BSC25 deficiency mutant embryos (Fig. 5K,L) . Both ths and pyr are expressed in the stomadeum and hindgut at the time when these mesodermal derivatives form, and thus it seems likely that the encoded FGFs function as signals to control their movement and/or differentiation at these later stages of embryogenesis.
A dominant-negative form of Htl has been shown to block the formation of the muscle founder cells and the differentiation of the ventral oblique muscles (Gajewski et al. 1999) . Most ventral oblique muscles are absent in htl and BSC25 deficiency mutant embryos (brackets, Fig.   5H,I ; cf. 5G). This observation is consistent with the model that the localized expression of Pyr and Ths in the ventral ectoderm, possibly within ventral neuroblasts, is required for the specification of muscle founder cells through activation of the Htl receptor.
Ectopic expression of Ths mimics constitutive activation of the Htl receptor
If Ths and Pyr are the ligands for Htl, then the misexpression of one or both genes in the mesoderm should be sufficient to trigger its activation. A full-length ths cDNA was misexpressed in the mesoderm using a twistGal4 transgene (Fig. 6A,B) . The levels of ectopic ths mRNAs are several-fold higher than the endogenous products (Fig. 6A, arrowheads) , but nonetheless the mesoderm still spreads toward the dorsal ectoderm (Fig. 3L ). There is a substantial increase in the number of Eveexpressing mesodermal cells in embryos ectopically expressing ths in the mesoderm (Fig. 6C,D; cf. 4A or 6J). A similar expansion is obtained with constitutively activated forms of the Htl receptor or Ras kinase (Halfon et al. 2000) or when ths is expressed using an ectodermal driver, 69B-gal4 (Fig. 6M) . These results are consistent with Ths acting as a ligand for the Htl receptor.
Mef2 staining was also examined in embryos that misexpress ths throughout the mesoderm. These embryos exhibit no obvious defects in most mesoderm derivatives such as the hindgut musculature with this marker (Fig.  6E, arrowhead) , although the ventral oblique muscles are either absent or unable to extend into ventral regions (Fig. 6F, brackets) . One possible explanation is that guidance of the ventral oblique muscles is controlled by pyr and/or ths expression in ventral neuro- 
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Genetic complementation of ths;pyr deficiency mutants
The simplest model for the mutant phenotype seen in deficiency homozygotes is that the loss of Ths and Pyr blocks the activation of the Htl receptor, which in turn causes impaired spreading and induction of the mesoderm. To test this model, a genetic complementation experiment was done using a constitutively activated form of the Htl receptor that in theory no longer requires ligand binding for activation (Michelson et al. 1998a ). The mutant receptor was expressed in the developing mesoderm of transgenic embryos using a twist-Gal4 transgene (Greig and Akam 1993) . Mutant embryos homozygous for the ths;pyr deficiency never exhibit any eve expression in developing pericardial cells (e.g., Fig.  4C ). However, introduction of the activated Htl receptor partially restores Eve expression in the dorsal mesoderm (Fig. 6H,I , arrows). Staining tends to be stronger in posterior segments, but some of the embryos exhibit Eve 
Embryos were stained using a ths riboprobe (A,B), an anti-Eve antibody (C,D,G-O), or the anti-Mef2 antibody (E,F). (A,B)
ths misexpression in the mesoderm using a twi-Gal4 driver and UAS-ths transgene. ths expression was detected by in situ hybridization and is misexpressed in the ventral mesoderm in cellularizing embryos (data not shown) and during the formation of the ventral furrow (A). Weaker staining can be seen in the neurogenic ectoderm (arrowheads in A), which corresponds to the expression of the endogenous gene. ths mRNAs persist in the mesoderm during elongation and shortening (B; data not shown). (C,D) Eve staining in embryos that overexpress ths using the twi-Gal4 driver. An expansion in the number of Eve-expressing pericardial cells is already detected at the completion of germ-band elongation, when the cardiac mesoderm is first induced (data not shown). Expanded Eve staining persists during germ-band shortening (C) and after the completion of germ-band retraction (D). (E,F) Mef2 staining in embryos that ectopically express ths using the twi-Gal4 driver. Staining is essentially normal during elongation (data not shown), but patterning defects can be seen at the completion of germ-band retraction (E,F). There is an expansion in the number of Mef2-expressing cells in dorsal mesoderm derivatives (E), and a block in the formation of ventral oblique muscles (brackets, F). Despite these abnormalities, most mesoderm lineages are formed, including the pharyngeal muscles (asterisk in E) and hindgut musculature (arrowhead in F). (G-O) Embryos were stained using antibodies against Eve and ␤-gal to distinguish mutant embryos from wild-type embryos, those carrying the ftz-lacZ balancer chromosome. Anti-␤-gal staining in broad stripes corresponding to where ftz drives expression of lacZ can be observed in J and M, but this staining is absent from mutant embryos that do not contain the balancer chromosome (G-I,K,L,N,O). (G-I) Different forms of the Htl receptor were expressed in the mesoderm using twist-Gal4. The embryo in G is homozygous for the BSC25 deficiency and expresses a wild-type Htl transgene (UAS-Htl) in the mesoderm (twi > Htl). It lacks expression in the pericardial cells, but exhibits normal staining in the developing CNS. The embryos in H and I are also homozygous for the deficiency, but express the activated Htl receptor (UAS-actHtl) in the mesoderm (twi > actHtl). Eve staining is partially restored in the pericardial cells during germ-band shortening (arrows in H) and after retraction is complete (I). (J) Expression of Eve in a wild-type background is limited to about three cells per hemisegment. Broad stripes of expression can be seen that correspond to expression of ␤-gal by the ftz-lacZ transgene from the balancer chromosome. (K,L). Thisbe was expressed in the mesoderm of embryos homozygous for the BSC25 deficiency using the twist-Gal4 driver (BSC25; twi > ths). Eve expression is partially restored in the pericardial cells during germ-band shortening (K) and after retraction is complete (L). (M-O) Thisbe was expressed in the ectoderm of embryos using the 69B-Gal4 driver (69B > ths). (M) In wild-type embryos, a substantial expansion of pericardial cell specification is observed. When Thisbe is ectopically expressed in the ectoderm of embryos homozygous for the BSC25 deficiency using 69B-Gal4 (BSC25; 69B-Gal4), Eve expression is restored in the pericardial cells in a more uniform domain along the anterior-posterior axis during both germ-band shortening (N) and after retraction is complete (O). staining in anterior regions as well. Similar overexpression of the wild-type htl does not rescue the pericardial Eve expression pattern in mutant embryos (Fig. 6G) . These results indicate that the constitutively activated Htl receptor partially circumvents the need for Ths and Pyr in the differentiation of the dorsal mesoderm.
We also tested whether ths expression was sufficient to complement the BSC25 deficiency. When ths is expressed in the mesoderm there is strong, but somewhat erratic rescue of the pericardial cells (Fig. 6K,L) . There is more uniform rescue when ths is expressed in the ectoderm using a 69B-Gal4 driver (Fig. 6M-O) . These results agree with our findings that mesoderm spreading and induction are normally coordinated by FGF signals emanating from the ectoderm (see Discussion).
FGF signaling components are direct targets of the Dorsal gradient
Previous studies have shown that ths is directly activated by low levels of the Dorsal gradient in the neuroectoderm (Stathopoulos et al. 2002) . ths is probably kept off in the ventral mesoderm by the localized Snail repressor because the neuroectoderm enhancer contains an optimal Snail-binding site. It is conceivable that the Dorsal gradient controls mesoderm spreading by differentially regulating the ths/pyr FGF ligands in the neuroectoderm and the FGF receptor and intracellular signaling components in the mesoderm.
To investigate this possibility we used computational methods to identify putative Dorsal target enhancers for the htl and dof/hbr/sms genes. Both genes are activated in the presumptive mesoderm prior to the formation of the ventral furrow, and both are required for the spreading of the mesoderm after invagination (Beiman et al. 1996; Gisselbrecht et al. 1996; Michelson et al. 1998a; Vincent et al. 1998; Imam et al. 1999) . A survey of the htl locus identified a cluster of two putative Dorsal-binding sites and two copies of a distinct sequence motif, CA CATGT, which probably binds the Twist activator and is found in several Dorsal target enhancers (Stathopoulos et al. 2002) . The Dorsal-Twist binding cluster is located within the first intron of the htl gene (Fig. 7A) . When expressed in transgenic embryos, this 800-bp fragment directs lacZ expression in the ventral furrow and invaginated mesoderm (Fig. 7B-D) . A putative dof/hbr/sms Figure 7 . FGF signaling activation is a direct readout of Dorsal threshold outputs. A mesoderm enhancer was identified within the htl gene (A). The previously identified ths enhancer is shown in E. The htl enhancer is 800 bp, whereas the ths enhancer is 500 bp. Putative Dorsal-binding sites are indicated in the diagrams (dl), as well as additional sequence motifs, including Twist E-box recognition sequences (T) in the htl enhancer (A). The ths enhancer contains at least one high-affinity Snail repressor site that keeps the enhancer silent in the ventral mesoderm. (B-D) Transgenic embryos that contain the htl enhancer attached to a lacZ reporter gene. LacZ expression was detected by in situ hybridization. Staining is first detected in the ventral mesoderm during cellularization (B) and persists in the mesoderm during formation of the ventral furrow (C) and germ-band elongation (D). (F-H) Transgenic embryos that express the ths enhancer attached to a lacZ reporter gene. Staining is detected in cellularizing embryos (F) and persists in the ectoderm during the early stages of germ-band elongation (G). After elongation expression is diminished (H). (I) Diagrams showing different patterns of expression generated by the Dorsal gradient. The circles represent cross-sections through early embryos. The Dorsal nuclear gradient present at stage 5 is depicted in the diagram on the top. High levels of Dorsal activate Htl and Dof/Hbr/Sms, whereas low levels activate Ths and Pyr, as well as Sog. These same low levels of nuclear Dorsal also repress Dpp and restrict its expression to the dorsal ectoderm. After invagination of the mesoderm (stage 7,8), Ths and Pyr activate Htl signaling and thereby control the spreading of the mesoderm toward the dorsal ectoderm (middle diagram). Mesoderm that reaches the dorsal ectoderm is induced by Dpp to form cardiac tissues (bottom diagram). enhancer was identified within the first intron of this gene as a cluster of two Dorsal-binding sites and a copy of a conserved sequence motif, RGGNCAG, which is seen in a variety of Dorsal target enhancers (Stathopoulos et al. 2002) . When attached to the lacZ reporter gene, this cluster directs weak expression in the mesoderm of early embryos and tracheal pits of older embryos (data not shown). These results provide evidence that htl and dof/hbr/ sms are direct target genes of the Dorsal gradient that are induced in response to peak levels of nuclear Dorsal present in ventral regions of early embryos (Fig. 7I) . The previously identified ths enhancer (previously called the Neu4 enhancer) contains three high-affinity Dorsalbinding sites and a Snail repressor site ( Fig. 7E ; Stathopoulos et al. 2002) . The ths enhancer directs expression throughout the neurogenic ectoderm during early stages of gastrulation in response to lower levels of nuclear Dorsal (Fig. 7F-H) . It is, therefore, possible to describe gastrulation as a series of discrete threshold readouts of the Dorsal gradient, as discussed below.
Discussion
Several lines of evidence suggest that Ths and Pyr correspond to ligands for the Htl FGF receptor. First, the two genes exhibit dynamic patterns of expression in tissues that influence the development of different mesoderm lineages, including the neurogenic ectoderm (early mesoderm spreading), muscle precursors (dorsal muscles, visceral muscles, and heart), hindgut (visceral musculature), and neuroblasts (patterning of the ventral oblique muscles). Second, mutant embryos that lack both ths + and pyr + gene activity exhibit defects that are quite similar to those seen in htl mutants, including a delay in mesoderm spreading during gastrulation, a reduction in dorsal mesoderm lineages, the loss of pericardial and cardial cells, the absence of hindgut musculature, and disruptions in the ventral oblique muscles. Misexpression of Ths throughout the early mesoderm causes an expansion in the Eve expression pattern, consistent with expanded induction of pericardial and/or dorsal muscle founder cells. Finally, expression of activated Htl or Ths rescues the loss of dorsal mesoderm lineages in mutant embryos. Pyr and Ths might also activate the Htl receptor at later stages of the life cycle. For example, a recent microarray screen identified CG13194 (pyr) and CG12443 (ths) transcripts in the body wall muscle of wing imaginal disks, where htl is also expressed (Butler et al. 2003) .
Previous genetic screens failed to identify ths and pyr, possibly because of overlap in the activities of the encoded proteins, which are closely related members of the FGF8/FGF17/FGF18 subfamily of FGF signaling molecules. Mutations in either gene alone might be insufficient to produce robust dorsal-ventral patterning defects, as seen for htl mutants. Indeed, two related FGF genes, FGF8 and FGF24, are required for the patterning of the posterior mesoderm in zebrafish embryos (Draper et al. 2003) . A mutation in the FGF8 gene alone causes a relatively mild phenotype, but a severe loss of the posterior mesoderm is observed when FGF24 activity is also diminished. Similarly, we have shown that a small chromosome deficiency that removes both ths and pyr produces severe embryonic patterning defects.
It is conceivable that the spreading of the mesoderm across the internal surface of the neurogenic ectoderm is a simple manifestation of cell-cell contact. FGF signaling might cause each mesoderm cell to make maximal contact with the neurogenic ectoderm. According to this view, the Ths and Pyr ligands are permissive, and simply promote cell adhesion (e.g., Leptin 1999 ). An alternative view is that Ths and Pyr are spatially activated in a manner that promotes a temporal gradient of information that guides the movement of the mesoderm toward the dorsal ectoderm (e.g., Gabay et al. 1997) . The expression of dpERK is consistent with an early requirement of FGF signaling acting permissively to activate Htl and allow the mesoderm to start spreading (Fig. 3G) . Staining is first seen throughout the mesoderm that is in contact with the ectoderm during early phases of gastrulation when these individual mesoderm cells come into contact with the neurogenic ectoderm. Later, dpERK staining is restricted to the leading edge of the mesoderm as it spreads into the dorsal ectoderm. These data support a model in which the FGF ligands, Ths and/or Pyr, activate Htl in an instructive manner that guides the mesoderm during the later stage of spreading. The expression of ths and pyr is consistent with this model of early permissive and late instructive roles of the ligands in Htl activation (Fig. 7I; stage 7, 8) . Early, ths is expressed in a broad staining pattern, which might reflect a role in the promotion of initial contact between the mesoderm and neurogenic ectoderm. The restricted staining of both ths and pyr seen later may reflect a Ths/Pyr activity gradient emanating from increasingly more dorsal regions of the neurogenic ectoderm (e.g., Fig. 2G ).
The combined ths and pyr expression profiles might produce a dynamic FGF activity gradient within the neurogenic ectoderm that guides the spreading of the mesoderm into the dorsal ectoderm. pyr expression is particularly dynamic, and rapidly lost in the neurogenic ectoderm, whereas ths expression is progressively lost first in ventral regions and then in more dorsal regions of the neurogenic ectoderm. In principle, this putative FGF gradient could provide a precise guidance cue for the coordinated spreading of the mesoderm into the dorsal ectoderm. However, it is also conceivable that the production of an FGF signaling gradient depends on posttranscriptional regulation, such as the translational regulation of mRNA expression or differential processing of FGF precursor proteins. For instance, the early embryonic enhancer isolated for ths does not support expression during germ-band elongation (Fig. 7H ) even though ths mRNA can be detected by in situ hybridization at this same stage (Fig. 2B,C) . One interpretation of these results is that the ths mRNA is not synthesized during mesoderm migration. Differential degradation might help shape an FGF ligand activity gradient, as observed for FGF8 (Dubrulle and Pourquie 2004) . In addition, negative regulators of signaling downstream of the Htl receptor could contribute to the production and sharpening of an FGF signaling activity gradient.
Ths and Pyr are related to FGF signaling molecules that control both cell movement and differentiation. For example, EGL-17 directs the movement of the sex myoblasts in the gonad and FGF8 is required for the migration of the mesoderm into the primitive streak of vertebrate embryos and later for heart development (Burdine et al. 1998; Sun et al. 1999; Reifers et al. 2000) . We review the evidence that Ths and Pyr are required both for the spreading of the mesoderm along the internal surface of the neurogenic ectoderm during gastrulation, as well as the subsequent induction of the dorsal mesoderm to form pericardial tissues.
Evidence that neurogenic expression of Ths and Pyr is important for the orderly spreading of the mesoderm was obtained by misexpressing Ths (Fig. 6) . Embryos misrepresenting Ths in the mesoderm exhibit a variety of defects including mild twisting of the germ band, abnormal patterning of the body wall muscles, and an expansion of cardiac tissues. The latter phenotype can be explained on the basis of expanded induction of dorsal mesoderm (there is at least a threefold increase in the number of Eve-expressing cells; see Fig. 6K ,L, cf. J). A more uniform rescue phenotype was obtained when exogenous Ths products were expressed in the ectoderm using the 69B-gal4 transgene (Fig. 6N,O) .
Once mesoderm spreading is complete, the leading edge of the mesoderm comes into contact with Dpp-expressing cells in the dorsal ectoderm. Dpp signaling might be sufficient for the activation of some of the target genes required for the patterning of the visceral mesoderm, such as tin and bap during stage 10 (Staehling- Hampton et al. 1994; Frasch 1995) . However, Dpp is insufficient for other inductive events such as the activation of tin and eve in different heart precursors. The loss of eve expression in ths;pyr and htl mutants does not appear to be due to a breakdown in mesoderm spreading. Although this spreading is delayed in the mutants, it does ultimately occur (see Fig. 3D,F) . The late activation of the Htl receptor may be essential for the induction of eve expression and the specification of pericardial tissues. Previous studies suggest that Dpp works together with another signal that may be localized in the dorsal ectoderm. This second signal appears to trigger Ras signaling because the expression of a constitutively activated form of Ras causes expanded expression of eve (Halfon et al. 2000) . Evidence that the second signal might be FGF stems from the analysis of a dominantnegative Htl receptor, which blocks the full expression of cardiac and pericardial gene markers after the mesoderm has spread (Michelson et al. 1998b ). The present study considerably strengthens the case that FGF is the second signal that patterns the dorsal mesoderm. The misexpression of Ths in the mesoderm causes a substantial expansion in the dorsal mesoderm and the number of Eve-expressing cells. Moreover, ths and pyr are expressed in specific "spots" within the dorsal ectoderm that are adjacent to the internal mesoderm where eve is activated. Thus, the simplest interpretation of the results is that FGF signaling controls both the spreading and patterning of the dorsal mesoderm.
The spreading and subsequent subdivision of the mesoderm into distinct dorsal and ventral lineages can be viewed as direct readouts of the Dorsal gradient (summarized in Fig. 7I ). The identification of mesoderm enhancers for htl and dof/hbr/smsf based on clustering of Dorsal-binding sites (and associated sequence motifs) suggests that these genes are directly activated by high levels of the Dorsal gradient. Htl-dependent signaling is triggered by Ths and Pyr, which are selectively expressed in the neurogenic ectoderm in response to low levels of the Dorsal gradient. After spreading, dorsal mesoderm cells comes into contact with Dpp-expressing cells in the dorsal ectoderm, and are thereby induced to form dorsal lineages such as cardiac tissues. The same low levels of the Dorsal gradient that activate ths and pyr also activate sog expression and repress dpp. The Sog inhibitor ensures that Dpp signaling is restricted to the dorsal ectoderm. Thus, the differential regulation of Htl and its ligands determines the precise limits of mesoderm-ectoderm germ-layer interactions during gastrulation.
Materials and methods
Drosophila stocks and genetic crosses
All crosses and misexpression experiments were performed at 25°C. Wild-type flies refer to yw mutants. Df(2R)BSC25 was isolated as a P-transposase-induced male recombination event involving P{lacW}wal k14026 and P{PZ}Cct5 06444 (Bloomington Stock Center). We conducted inverse PCR to determine the breakpoints of the deficiency. The 5Ј-end of PfbrlacW}wal k14026 is now present in the 5Ј-UTR of the Ef1␣48D gene, resulting in a deletion of roughly 200,000 bases upstream of wal.
Standard UAS-actHtl, UAS-Htl, or UAS-ths . Those expected to contain twiGal4+UAS-actHtl or twiGal4+UAS-ths exhibit Eve-expressing cells. None of the mutant embryos containing twiGal4+UAS-Htl exhibited Eve expression. For the UAS-Thisbe misexpression, twi-Gal4 females were crossed to males containing the UAS-Thisbe transgene on either the X chromosome or Chromosome 2.
RACE analysis and molecular biology
The GeneRacer kit (Invitrogen) was used to isolate 5Ј and 3Ј sequences from both CG12443/Neu4 and CG13194. RNA was isolated from embryos aged 0-4 h or 4-8 h and reverse-transcribed to generate cDNA using both random primers and poly(dT). Gene-specific primers used to determine the 5Ј-and 3Ј-ends were 5Ј-CCCTTGAAACCCACACGCAGCACTGG AT-3Ј and 5Ј-GCCACGCCCTACCACCAGCTGACCTATG-3Ј for Neu4 and 5Ј-TTCCAACCAGTCTGCCGTGATGGAAGC A-3Ј and 5Ј-GCTTGGCAATTTGCATGTCACTGTGG-3Ј for CG13194.
A full-length thisbe cDNA was isolated from reverse-transcribed RNA isolated from early embryos. Primers flanking the ATG and TAA codons predicted by the RACE analysis were used to isolate an ∼2.0-kb transcript containing the entire ORF.
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Fragments representing the htl and dof/hbr/sms enhancers were isolated from yw genomic DNA using the following primers: 5Ј-AAAGTCGAGTTGCCAAATTGCCAGG-3Ј and 5Ј-GGCGATTTTGGACGGCACAGGAA-3Ј for htl and 5Ј-GAAAGATGAGGGACACGGCTTCAAA-3Ј and 5Ј-CGAGAG AGCGAGCAGGAGCATCTAC-3Ј for dof/hbr/sms and cloned into the EcoRI site of the P-element injection vector −42evelac-ZCasper (Stathopoulos et al. 2002) . Five of five lines showed expected expression for htl-lacZ, whereas only two of six showed expected expression for dof/hbr/sms-lacZ.
Whole-mount in situ hybridization and antibody staining
Appropriately staged embryos were fixed and hybridized with digoxigenin-UTP antisense RNA probes as described previously (Jiang et al. 1991; Lehmann and Tautz 1994) . Probes to pyramus, thisbe, tinman, and bagpipe were made from 1-2-kb PCR products amplified from coding sequences of these genes. A probe to twist was made using the Twist cDNA (generously provided by M. Leptin, University of Koeln, Koeln, Germany). Generation of a probe to lacZ has been previously described (Jiang et al. 1991) .
Antibodies were used at various dilutions with the Vectastain antibody staining kit (Vector) to examine protein levels in embryos: anti-Twist rabbit antibody (generously provided by S. Roth, Cologne University, Cologne, Germany) at 1:3000, antidpERK monoclonal antibody at 1:100 (SIGMA), anti-Eve rabbit antibody at 1:6000, anti-␤-gal rabbit antibody (Cappel) at 1:250, anti-␤-gal mouse antibody (Promega) at 1:2000, and anti-Mef2 rabbit antibody (generously provided by Hanh Nguyen, Albert Einstein College of Medicine, Bronx, NY) at 1:500. Primary antibody incubations were performed overnight and secondary antibody incubations for 3 h at room temperature. Embryos were embedded in plastic and sectioned as previously described (Azpiazu and Frasch 1993) .
Protein alignment and phylogenetic inference
FGF protein sequences used in alignment and phylogenetic reconstruction were gathered from GenBank or inferred from genomic sequence using GENESCAN (Burge and Karlin 1997) and FGENESH. Alignments were performed using both CLUSTALX (Thompson et al. 1997 ) and MAFFT (Katoh et al. 2002) . Phylogenetic relationships were inferred using neighbor joining (NJ) and maximum likelihood (ML) from a 169-amino acid alignment containing only the FGF trefoil domain. Support for NJ topologies was evaluated using bootstrap analysis. Support for maximum likelihood trees used quartet puzzling reliability values from 10,000 puzzling steps. The NJ inference of tree topology and the subsequent bootstrap analysis were implemented in CLUSTALX (Thompson et al. 1997) . The quartet puzzling maximum likelihood analysis was performed with TREE-PUZZLE (Strimmer and von Haeseler 1997 ). The ML model of evolution allowed for among-site rate heterogeneity with eight g-distributed rate categories. 
